Field production data from Kern County acquired from the California state database was analyzed for production decline. A decline curve methodology based on fluid flow mechanisms was used. The model reveals a linear relationship between the oil production rate and the reciprocal of the oil recovery. Existing decline curve methods often either overestimate or underestimate reserves, and are mostly empirical in origin. The current approach not only provides a method to estimate reserves, but because of its basis on fluid flow mechanisms, can also be used to infer regional reservoir properties that may be useful in production decisions.
Introduction
Estimating reserves and predicting production performance in reservoirs is an important but difficult task for reservoir engineers. Many methods have been developed in the last several decades. One of the frequently used methods is the decline curve analysis approach, and there have been a great number of papers on this subject. However most of the existing decline curve analysis approaches are based on the empirical exponential, hyperbolic, and harmonic equations suggested by Arps (1945) 4 . It is often difficult to determine which equation the reservoir will follow. At the same time, these approaches have some disadvantages. For example, the exponential decline curve tends to underestimate reserves and production rates; the harmonic decline curve has a tendency to overpredict the reservoir performance 2 . This is not surprising for empirical techniques. In other cases, production decline data do not follow any model but cross over the entire set of curves 8 .
Li and Horne 24 previously developed a model to characterize production decline based on fluid flow mechanisms. The model reveals a linear relationship between the oil production rate by spontaneous imbibition and the reciprocal of the oil recovery. This model was derived for spontaneous water imbibition and has been confirmed theoretically and experimentally [24] [25] [26] [27] [28] [29] . Li and Horne 30 demonstrated that this method could also be used to analyze the oil production data from reservoirs developed by water flooding. In this study, we used this model to analyze the production performance of six producing oil fields located in Kern County.
The objectives of this study included implementing this decline curve analysis method 30 , and applying it to Kern County wells. The study also compared the results to existing empirical decline curve methods. Since the model is based on fluid flow mechanisms, it can also be used to interpret the physical significance of the parameters derived from the analysis.
Mathematic Background
The mathematical model developed previously by Li and Horne 24 to characterize the spontaneous water imbibition into oil-saturated rocks was the basis of the method. The model is expressed as follows:
where q(t) is the oil production rate from core samples by spontaneous imbibition. R(t) is the oil recovery at time t in the units of pore volume. a o and b o are two constants associated with capillary and gravity forces, respectively. The details on deriving Eq. 1 and calculating a o and b o are described in Li and Horne [24] [25] [26] [27] [28] [29] . The two constants a o and b o , can be expressed as follows:
where A and L are the cross-section area and the length of the core, S wi is the initial water saturation and S wf is the water (or the wetting phase) saturation behind the imbibition front, ∆ρ is the density difference between water (the wetting) and oil (the nonwetting) phases, g is the gravity constant, is the capillary pressure at S where k is the permeability of the rock sample, and are the oil and water relative permeabilities at a specific water saturation. µ For experimental studies in core samples, the constant a o is referred to as the imbibition index because a o is representative of the recovery rate by spontaneous imbibition. The greater the value of a o , the faster the imbibition. For investigations on decline analysis of oil production in reservoirs, the constant a o can be referred to as production rate index.
Incorporating the expressions of a o and b o that represent relative permeability and capillary pressure in the model can facilitate the interpretation of the decline curve analysis technique in physical terms.
The maximum or ultimate oil recovery can be determined using the oil production history data. Setting q=0, the inferred maximum oil recovery is equal to a o /b o . The values of a o and b o can be obtained by fitting the linear relationship between the oil production rate and the reciprocal of the oil recovery.
We compared the method to the existing empirical decline curve analysis methods. We discuss these existing methods here in brief.
Harmonic decline is defined by:
where t is the time in years and D is the decline rate in years -1 . q i is the initial production rate. In terms of cumulative production, the harmonic decline can also be expressed as:
where N p is the cumulative oil production. Exponential decline is defined by:
If the decline trend is exponential, one should get a linear trend by plotting the logarithm of q versus time. If the decline trend is harmonic, we expect a linear trend by plotting the logarithm of q versus cumulative production. Note that the exponential decline can also be expressed in terms of cumulative production:
We can therefore compare these three methods by calculating cumulative production values from the fitted linear trends.
Results
We applied the mechanistic decline curve analysis method (Eq. 1) to production data from Kern County oil fields, from the production databases of the California Division of Oil, Gas and Geothermal Resources. Wells from six oil fields, namely Lost Hills, North Belridge, South Belridge, Cymric, MidwaySunset, and Kern River, were used to test the applicability of the method. We chose these fields because of their particular productivity and their difference in regional geology from one another. Figures 1 through 6 show plots of the proposed decline curve analysis technique applied to the six fields. We show an example well from each of the fields sampled. The figures plot the oil production rate vs. the reciprocal of the cumulative production.
At late time, the plots in Figs. 1 through 6 show the relationship between the oil production rate and the reciprocal of the cumulative production. The relationship is close to linear at later production period, so the two constants a o and b o could be calculated using the linear model represented by Eq. 1.
The product of the effective permeability of the water phase and the area controlled by the production well may be evaluated according to Eq. We therefore make plots using both harmonic and exponential methods. are the harmonic plots for the same six wells presented for the proposed technique, and Figures 13 -18 are exponential plots for the wells. We also fit the linear decline trends that these methods predict.
We performed a similar calculation for R max using harmonic and exponential decline analysis and made a comparison with the developed method. We summarize this comparison in Fig. 19 .
It can be seen from Fig. 19 that the estimates of R max are generally higher for the harmonic method compared to those from the new method. It is also observed that the estimates from the exponential method are generally lower than those from the new method. This is consistent with literature stating that the harmonic decline curve technique generally produces higher reserve estimates, and the exponential decline curve technique generally provides lower reserve estimates 31 . A summary of these values, with permeability ranges and initial oil saturation values is also presented.
Among the four zones in the Midway-Sunset field, Zone 1 has the highest a o and high b o values. It is this zone that has a higher average permeability, as well as higher average initial oil saturation. Eqs. 2 and 3, with the definitions of mobility in Eqs. 5 and 6, tell us that permeability and saturation are two parameters that will affect the values of a o and b o . This means that the proposed decline curve method can tell us if there are significant regional differences in reservoir formation and reservoir fluid properties.
Another field that we examined is the South Belridge field. Table 2 shows the average values of a o and b o for the South Belridge wells. The field was divided into two zones, again representing zones that have similar geological and pool sources. A summary of these values, with permeability ranges and initial oil saturation values are also presented.
As with the Midway-Sunset field, we can see that the zone with the higher a o and b o values also has higher average permeability and initial oil saturations. Zone 2 has the higher values, and Zone 1 has lower values for the four parameters shown in Table 2 .
We now examine all of the six fields investigated, plotting the Examining the figures, we can see that there are significant regional differences in the values of the two parameters. This difference can be seen in a summary of the average values in each field, shown in Table 3 .
Among the fields examined, the Midway-Sunset field has the highest values for both parameters. South Belridge and Kern River had the next highest values. Cymric had the lowest value for a o , and North Belridge had the lowest value for b o .
It is difficult to discern the average values for permeability and initial oil saturation values, with the heterogeneity varying widely in a field. One parameter that we could use to measure the significance of the average values shown in Table 3 is the cumulative oil production in a field. Since a o is the imbibition index, the higher the imbibition index, the more efficient the waterflood is. Also, higher b o values will also pertain to more efficient and prolific production, as it refers to gravity forces. Table 4 shows the yearly cumulative oil production for the six fields sampled, shown in five different years.
It can be seen from Table 4 that the Midway-Sunset field is the most prolific field among the ones sampled. North Belridge is the least prolific. If we compare the decline parameters in Table 3 , we see that higher a o and b o values indicate higher production, as the Midway-Sunset field have the highest values in both tables. Again, the parameters measure imbibition and gravity forces, two important parameters that help govern the overall productivity of a field. South Belridge also has consistently higher values. North Belridge has the lowest productivity among the fields, and this is reflected in the lower decline curve parameters.
The geological characteristics of the fields found in the literature are consistent with the decline curve parameter values. For example, a significant part of Cymric (1Y) is a heavy-oil diatomite reservoir, which has low permeability 32 , and therefore lower a o and b o values. Another example is the location of the main production in the Lost Hills field, which is in an upper member of the Miocene Monterey Formation known as the Belridge Diatomite. This reservoir is characterized by very low matrix permeability (0.01 to 10 md) and fair oil saturation (50%) 33 . This also will yield lower a o and b o values.
The presence of injection wells for waterfloods is also a very good way to change the decline curve parameters, as the presence of more water changes the values of the production rate index in the parameters. The effect of active and significant injection wells on these parameters was previously investigated for geothermal wells 34 . It was found that the presence of injection wells increased the decline curve parameter values.
It is found that North Belridge field had the smallest number of active injection wells, with a range of 64 -250 wells injecting annually over a period of 12 years. North Belridge also had the least amount injected, with 62 -110 Mbbl of water injected annually over the same time span. Midway-Sunset had the greatest number of active injection wells, with a range of 3500 -5600 wells injecting annually over a period of 12 years. Midway-Sunset also had larger amount injected, with 2500 -3100 Mbbl of water injected annually over the same time span.
Overall, the abundance of injection wells, as well as the amount injected, is consistent with the value of the decline curve parameters. The high number of injection wells in Midway-Sunset coincides with the high value of a o and b o . It has been proven 35 that injection projects, such as steamfloods, improve reservoir performance, including oil saturation, and include a significant gravity drainage contribution, thereby affecting the a o and b o values.
The abundant and productive presence of injection wells is also seen in the South Belridge and Kern River fields. On the other hand, in North Belridge the number and productivity of injection wells is reflected in the low value of the two decline parameters, which is also seen in the Cymric and Lost Hills fields.
Discussion
The development of a decline curve analysis method that is based on fluid flow mechanisms is very useful, especially if the uncertainty of choosing between the present methods is important to the economic viability of the project.
The values of a o and b o are dependent on several variables, and quantifying most or all of the parameters that make-up these two values will paint us a clearer picture of the significance of the regional values found in the field. As seen in the low-valued fields, the combination of the low permeability and oil saturations, coupled with the relative low occurrence of injection wells, gives us an explanation for the low cumulative production of these fields. By modifying the parameters that could change these two values, we can increase the productivity of the wells.
Also, to aid with present reinjection strategies in these reservoirs, with the knowledge of both properties, we can check the effectiveness of the reinjection. We have seen that we need to change a o and b o significantly, either by increasing the global mobility or by other methods. Other reported and observed phenomena that are interpreted in various studies, like the significant oil drainage that occurs from the upper to lower sands due to the presence of discontinuous shales in the Kern River field To improve oil production in oil reservoirs, one can increase the value of a o . This entails, for example, decreasing fracture spacing, modifying wettability, and modifying oilwater relative permeability.
Due to the complexity of reservoir conditions, it may be necessary to modify Eq. 1 by considering heterogeneity, compressibility, boundary conditions, radial flow, and other factors.
Conclusions
Based on the present study, the following conclusions may be drawn:
1. An analytical decline curve analysis model based on the theory of fluid flow in porous media was verified using the production data from the oil producing fields in Kern County. 2. The relationship between the production rate and the reciprocal of the cumulative production is linear and may be used to estimate reservoir properties and recoverable reserves. 3. The decline curve analysis method based on fluid flow mechanisms gives us a definite estimate of reservoir behavior, compared to the choice faced in using empirical methods. 4. Physical parameters derived from the decline curve analysis discussed can be used to describe regional and reservoir properties and can be used in practical ways such as to design injection strategies. 
